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ABSTRACT: Manufacturable nanodevices must now be the predominant goal of nanotechnological research to ensure the enhanced properties of nanomaterials can be fully exploited and fulfill the promise that fundamental science has exposed. Here, we test the electrical stability of Au nanocatalyst−ZnO nanowire contacts to determine the limits of the electrical transport properties and the metal−semiconductor interfaces. While the transport properties of as-grown Au nanocatalyst contacts to ZnO nanowires have been well-defined, the stability of the interfaces over lengthy time periods and the electrical limits of the ohmic or Schottky function have not been studied. In this work, we use a recently developed iterative analytical process that directly correlates multiprobe transport measurements with subsequent aberration-corrected scanning transmission electron microscopy to study the electrical, structural, and chemical properties when the nanowires are pushed to their electrical limits and show structural changes occur at the metal−nanowire interface or at the nanowire midshaft. The ohmic contacts exhibit enhanced quantum-mechanical edge-tunneling transport behavior because of additional native semiconductor material at the contact edge due to a strong metal−support interaction. The low-resistance nature of the ohmic contacts leads to catastrophic breakdown at the middle of the nanowire span where the maximum heating effect occurs. Schottky-type Au−nanowire contacts are observed when the nanowires are in the as-grown pristine state and display entirely different breakdown characteristics. The higher-resistance rectifying I−V behavior degrades as the current is increased which leads to a permanent weakening of the rectifying effect and atomic-scale structural changes at the edge of the Au interface where the tunneling current is concentrated. Furthermore, to study modified nanowires such as might be used in devices the nanoscale tunneling path at the interface edge of the ohmic nanowire contacts is removed with a simple etch treatment and the nanowires show similar I−V characteristics during breakdown as the Schottky pristine contacts. Breakdown is shown to occur either at the nanowire midshaft or at the Au contact depending on the initial conductivity of the Au contact interface. These results demonstrate the Au−nanowire structures are capable of withstanding long periods of electrical stress and are stable at high current densities ensuring they are ideal components for nanowire-device designs while providing the flexibility of choosing the electrical transport properties which other Au−nanowire systems cannot presently deliver. KEYWORDS: Nanowires, electrical contacts, tunneling edge effect, aberration-corrected scanning transmission electron microscopy, electrical breakdown, barrier inhomogeneity, interfacial atomic defects, ZnO R ecent advances in experimental and analytical techniques have allowed researchers to investigate the limits within which nanostructures can operate. These investigations are essential to determine that they can provide consistent performance throughout their operational lifetime and therefore better define their suitability in future applications. The mechanical, structural, and electrical breakdown of many nanostructured materials such as graphene 1 have been studied by a range of techniques. Similarly, remarkable effects in onedimensional (1D) nanomaterials have been reported such as the migration of the Au catalyst materials through the bulk of Ge and GaAs nanowires 2, 3 and away from the tip of Si nanowires to control the Au shape. 4, 5 In situ transmission electron microscopy (TEM) has been used to investigate the breakdown of Joule heated GaN nanowires, 6 ,7 modification of InAs/InGaAs nanowires, 8, 9 heating of nanotubes, 10−12 and interfacial effects in charge storage materials. 13 The Au nanoparticle catalyst that promotes the growth of many nanowires removes any need for postgrowth processing to create complete devices. 4 Recent work on Au nanocontacts to ZnO nanowires has shown that the transport properties can be switched from ohmic to Schottky as a result of quantummechanical edge-tunneling effects by selecting a nanocontact that is comparable in diameter to the nanowire or by modifying the semiconductor material near the interface edge. 14, 15 Currently, the Au catalyst−ZnO nanowire system is the only known material that exhibits quantum-mechanical edge tunneling in such a way that the effect can be used to modulate the transport properties from Schottky to ohmic. Other typical nanowire materials grown with Au nanocatalysts exhibit only ohmic behavior such as silicon nanowires 4, 5 or the strongly rectifying properties of GaAs and Ge nanowires. 16, 17 Several attempts have been made to tailor the transport properties of Au catalyst growth particles applied as electrical contacts on the tips of nanowires including traditional bulk or planar contact modifications such as changes in the interface dipole that can be achieved by metal alloying or heterostructure formation. 16 However, more recent advances applying the fundamental quantum or nanometric properties of nanomaterials have allowed size effects to modulate carrier transport in addition to atomic-and nanoscale changes to the semiconductor material near the interface edge. 14−17 The technique for modifying the atomic or nanoscale structure and chemistry of the interface edge-region holds great promise because it can be exploited by a number of methods such as etching, 18, 19 nanowire surface/ interface architecture modulation during growth, 20, 21 or the addition of nanowire shell materials. 22−25 This flexibility provides great potential for selecting the exact properties of individual nanowires, nanodevices, and the electrical contacts that integrate the two. Crucially, there has been little detailed study of the resilience and stability of the Au particles as electrical contacts even though much work has been focused on the fundamental growth, catalytic, and electrical properties of the 1D nanostructures after growth while the catalytic processes that governs their formation are subject to ongoing studies at the atomic-level in real-time. 18,21,26−31 In this work, we investigate ZnO nanowires with lowresistance ohmic Au nanocatalyst growth particles as electrical contacts that have been modified from their as-grown state by a strong metal−support interaction (SMSI) that encapsulates the Au contacts adding defective native ZnO material to the edge region and creating ohmic transport behavior because of the enhanced tunneling path. These nanowires are compared to similarly grown nanowires with Au contacts exhibiting rectifying behavior that are in the initial nonaged state with no evidence of SMSI and no extraneous ZnO material at the interface edge. 15 The transport properties of the Au contacts to ZnO nanowires are governed by an edge-tunneling phenomenon that can be modulated through nanoscale modification to the ZnO n-type semiconductor near the Au nanocatalyst particle−nanowire interface edge. Thus, there is a requirement to examine the difference in the capabilities of the two nanowire types to assess their suitability for real devices. In 
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Letter comparison to the ohmic and Schottky contacts, the edgetunneling path at the edge of the contacts in the ohmic aged SMSI nanowires are modified by etching away the extraneous ZnO material that produces a range of transport behavior that is governed by the central interface rather than the edge. Transport in the modified nanowires is dominated by the nature of the central interface that creates high-resistance contacts providing a direct comparison to the Schottky and ohmic nanowires where edge tunneling prevails. Here, we test this range of electrical contacts with multiprobe electrical transport measurements and correlate this behavior directly to aberration-corrected scanning transmission electron microscopy (ac-STEM) on the same nanowires to show ZnO nanomaterials are suitable as robust electrical components for nanodevices. Initially, the nanowires are tested for long-periods of applied current in the expected operational current range (±300 nA) because any nanodevice material should provide consistent performance over lengthy periods. This work goes on to show that the low-resistance ohmic contacts, pristine Schottky contacts, and high-resistance etched contacts are robust nanodevice components and the electrical limits are tested to breakdown which is shown to occur either at the nanowire midshaft or through atomic-scale defect formation at the Au contact edge depending on the Au−ZnO interface conductivity. The demonstrated effects show that the Au−ZnO nanowire structures are undoubtedly prime candidates for stable devices and the reported behavior suggests a vast range of capabilities ripe for commercialization when the correct R&D resources are in place. 16, 32 Results and Discussion. Electrical Measurement and ac-STEM Experimental Process. Addition of native ZnO material to the contact edge region was achieved by a strong metal interaction between the Au catalyst and ZnO nanowire.
14 This occurred as a chronological aging process of the ZnO nanowires that were grown by a metal-catalyzed vapor phase technique 33 and stored for ∼3 years in ambient laboratory conditions. The nanowires were then mechanically transferred to a standard copper 4-post focused ion-beam TEM lift-out grid without any further treatment. The grids were screened in a conventional TEM to locate overhanging nanowires that had the Au−ZnO interface close to parallel with the electron beam and to capture the initial state of the nanowires ( Figure S1a ) before the first iteration of electrical transport measurements. The preparation technique of transferring the nanowires to the grid provides a ZnO coating of base growth material to the copper grid ensuring the nanowire−ZnO−Cu interface is ohmic in nature ( Figure S1b) . 14, 34 The experimental (eSTEM) procedure has been previously described and was employed here in a similar fashion to initially apply an ultrahigh vacuum (UHV) multiprobe scanning tunneling microscopy (STM) instrument with in situ SEM capability to measure the transport behavior of the nanowires suspended on the grid (Figure 1a ). 14 The multiprobe instrument allowed a tungsten probe to be maneuvered with nanometer precision such that it could be accurately placed onto the Au tips of the overhanging ZnO nanowires (Figure 1a) . Performing the electrical measurements in the UHV-STM instrument provided the advantage that the tungsten measurement probes could be thermally annealed in situ to remove oxides and contamination ensuring the probe-toAu contact was a low-resistance metal-on-metal contact (similar resistance to the system resistance ∼200 Ω) and as such the transport measurements revealed the properties of the Au− nanowire structures. 15,34−36 Initial measurements tested the current−voltage characteristics (I−V) of the metal−semiconductor interfaces which is the predominant technique for revealing the behavior and performance of an electrical contact. 37 The nanowires were then removed from the UHV-STM instrument and were interrogated with aberration-corrected scanning transmission electron microscopy (ac-STEM) imaging and electron energy-loss spectroscopy (EELS) mapping, providing access to the ultimate electron microscopy "on-axis" imaging resolution and spectroscopic signal. 38 After the structural and chemical characterization, the nanowires were transferred back to the multiprobe UHV instrument, where current−time (I−t) measurements were performed on the same nanowires over extended timeframes to establish the stability of the contacts to prolonged current, in effect establishing the temporal stability of the contacts in the typical operating current range for a realistic nanodevice. After the I−t electrical measurements, the sample grid was once more removed from the UHV multiprobe STM instrument and the same nanowires, particularly the Au interfaces, were once more interrogated with ac-STEM and EELS mapping to assess whether the extended current period had affected the Au−nanowire interfaces.
Application of the eSTEM experimental approach made it possible to perform a multistep iterative electrical measurement and electron microscopy procedure on the same nanowires before and after several electrical transport experiments, ex situ modifications, and ac-STEM/EELS analysis (a step-by-step description has been previously provided).
14 This flexible experimental process was applied in total to a relatively large number (∼35) of Au nanocontacts on ZnO nanowires. Electrical in situ probing of nanoscale materials in the TEM has produced many important recent results studying the stability of 1D nanomaterials but most are performed with metal probes that have not been annealed or require fabricated ohmic contacts and as such can only concentrate on the response of the nanomaterial to the current rather than the current−voltage behavior of the metal nanoparticle-nanowire interfaces. The technique used here provides this ability that is essential for revealing the transport properties of the Au nanocatalyst−electrical contacts. 37 A number of works have endeavored to reveal such behavior of Au−nanowire interfaces but have not allowed direct correlation to the atomic-scale interface structure and chemistry at the metal−semiconductor interfaces. 16,17,39−41 Additionally, the electrical properties of ZnO nanostructures and the nanocatalyst contacts are dominated by the surface and the materials are highly susceptible to any processing that is often necessary for in situ measurement devices. 14, 15, 42, 43 Progressing from the I−t and ac-STEM/EELS analysis, the nanowires were tested for their current−voltage stability with increasing applied bias sweeps and the observed changes were correlated to ac-STEM to determine the structural and chemical characteristics of the interfaces and nanowires.
Electrical Temporal Stability of Ohmic and Schottky Au Nanocontacts to ZnO Nanowires. Figure 1a ,b presents the experimental configuration and the initial current−voltage characteristics (I−V) of a number of nanowires that revealed the contact-type transport characteristics, whether they were Schottky or ohmic.
After an initial ac-STEM characterization through imaging and spectroscopy, the electrical-temporal stability of the contacts was tested on ∼35 eSTEM ohmic and Schottky nanowire−nanocontact structures with prolonged electrical
Letter stress by applying a range of forward-and/or reverse-bias current within the typical operational range of functional nanowire devices of a few nA to several hundred nA to test the longevity of the Au−nanowire structures by maintaining the applied bias for up to 15 min. The current−time (I−t) characteristics of a Schotty-type (red) and ohmic-type (blue) nanowire are shown in Figure 1c . Reconstructing the I−V graph from each voltage 0.1 V step in the data showed a linear I−V relationship for the ohmic contact, Figure 1d (blue), with the current at each step in the initial ramp from 0.2 to −0.6 V being equal to the current at each voltage step on the final ramp from −0.6 to 0 V after dwelling at ∼−250 nA for 400 s, indicating the contact was unaffected by the long measurement time or current magnitude. In a similar fashion, nonaged Schottky nanowires taken from a freshly grown nanowire array were tested in the same cantilever eSTEM configuration (Figure 1c,d ) that shows the bias was ramped up and down through positive-to reverse-bias and the reconstructed I−V, Figure 1d (red), shows the nonlinear I−V characteristics. In these experiments the focus was predominantly on the reversebias regime when tunneling dominates at the contact edge that creates the greatest localized current densities at the interface perimeter because of the edge-tunneling phenomenon. 15, 44, 45 Therefore, the interface edge-region was of particular interest during the ac-STEM analysis following our recent work that showed atomic-and nanoscale modifications to the interface edge can entirely alter the transport properties rather than the less-influential central zone of the circular Au−ZnO interfaces.
14,46 High-current densities can lead to structural breakdown, however, to ensure the complete interface was characterized the entire edge and central zone of the interfaces were scrupulously analyzed with ac-STEM to detect any structural or chemical modification.
It is noted that the rectification of the freshly grown nanowire in the I−t measurement (Figure 1b−d,f; red data) reduced in rectification ratio and increased in conductivity after the initial ac-STEM interrogation. This is likely due to a number of effects: handling of the specimens and transfers to/ from the UHV-STM chamber to the ac-STEM apparatus may have resulted in some environmental modification (deposition of adventitious carbon contamination, some surface oxidation, and so forth); furthermore, damage from exposure to the intense electron beam during ac-STEM imaging and EELS mapping (see Figure S2 for I−V graphs before and after ac-STEM analysis recorded before the I−t measurements) cannot be ruled out, even though before/after images showed no obvious visible structural modification. By contrast, any effect of the I−V or I−t measurements was ruled out by repeated I−V sweeps at ±1 V of numerous contacts that showed no change in transport behavior and previously was shown in detail. 15 Similarly, the aged ohmic contact (Figure 1c ) displayed greater current magnitude after ac-STEM analysis but retained its ohmic nature. ZnO nanowires are susceptible to beam damage that can introduce point defects in the ZnO near the interface and at the nanowire surface that can reduce contact rectification as shown by the ohmic nature of the nanowires affected by a SMSI.
14 However, the later sections of this work will show the freshly grown Schottky nanowire contacts retain their rectifying properties at greater bias and the aged ohmic contacts retain their ohmic nature and low-resistance. To provide further confirmation that the reduction in rectification may have been primarily a result of the electron analysis, a rectifying nanowire on the same sample that was not subjected to ac-STEM/EELS was measured at the end of the entire experimental process and was shown to have typical rectifying quality (see Figure S3 ) and additionally, aged ohmic nanowires that had not been scrutinized intensely with STEM were also ohmic.
Bright field (BF), high-angle annular dark-field (HAADF), and medium-angle annular dark-field (MAADF) ac-STEM imaging of the measured eSTEM nanowires was performed and revealed structural anomalies of the ZnO (the defective edgeregion of aged nanowires was the focus of our previous work) 14 near the metal−semiconductor interface in only one of the measured nanowires, as shown in Figure S4a ,b. Figure S4c shows the ZnO stacking fault originated at the Au interface where a twinning boundary in the Au occurs that was revealed by through-focal series imaging stacks. Figure S4c reveals the atomic-abruptness of the interface in the region adjacent to the twinning boundary but Figure S4b shows that a single Au atomic step occurs where the twin boundary interfaces with the nanowire and the stacking fault extends ∼2 nm into the nanowire. However, this had little effect on the electrical transport properties of the aged nanowire due to the predominance of quantum-mechanical tunneling at the interface edge. Barrier inhomogeneity is a known hindrance in ideal large-scale Schottky contacts that is often attributed to local interface variations such as defects, dopants, and contamination; however, the measurements here did not show any significant indications that this was a major factor in the electrical properties of this wire. 47 The analysis showed there was no contact, nanowire, or interface degradation in any of the 14 other nanowires that were examined "on-axis" after the I−t measurements. However, twinning of the Au particle is a common occurrence that requires further investigation to determine the effect on the transport properties although this is expected to be minimal at low bias (±1 V) when transport is edge-tunneling dominated (a discourse on the presence of Au twins and the atomic-scale structure at the interface is provided with Supporting Information Figure S5 to S11). 14, 15, 29, 42, 45, 48, 49 Through-focal imaging and nanoscale EELS maps of the interface confirmed there was no Au diffusion as shown by the nanoscale EELS maps in Supporting Information Figure S12 .
In summary, the analysis shows that the interface between the Au and ZnO in the central region of the contacts retained the high crystal quality and atomic abruptness that is apparent in pristine unmeasured ZnO nanowires 50 with no diffusion of Au or blurring of the interface after the initial I−V and I−t measurements. The lack of diffusion across the Au−nanowire interface was thoroughly investigated with through-focal sectioning that can reveal Au atoms on the surface or buried deep within the bulk using depth-slicing techniques which exploit the reduced depth of field (2−4 nm) to locally image impurities, in particular at point defects. 50, 51 The crystal quality at the contact edge that was initially apparent in the ohmic contacts remained in the degraded state at the interface edge in all the aged nanowires without disruption to the enhanced quantum-mechanical tunneling channel and ohmic transport properties. The significant evidence here is the ohmic and Schottky structures maintained their original form after the I−t measurements at the Au−nanowire interface that controls the edge-tunneling and subsequent contact transport behavior displaying that the structures are suitable device components.
Current−Voltage Characteristics of Au Contacts on ZnO Nanowires. The initial I−V stability electrical measurements of the Au−nanowire interfaces involved I−V sweeps between ±1 V of the ohmic chronologically aged nanowires in the eSTEM
Letter configuration that showed a range of current magnitude from several tens of nA to a few μA and displayed linear ohmic-like I−V characteristics for the 15 nanowires that were measured, Figure 1b . The ohmic behavior was previously confirmed with two-probe measurements on free-standing nanowires and similarly, freshly grown nanowires were also measured and showed rectifying behavior, in agreement with the measurements here, Figure 1b. 14,15,34,42 Pristine contacts have previously been shown to exhibit Schottky behavior when the Au particle is comparable in diameter to the nanowire. 15 The depletion region created by the Au is laterally constricted by the reduced interface size (typically ∼80% of nanowire diameter) because of the necking that occurs at the edge of the contact interface. The effect of this laterally constricted depletion region are transport properties that are dominated by tunneling at the contact edge where the depletion layer is thin. 15 This effect is enhanced in the aged ohmic nanowires due to the additional defective ZnO at the interface edge.
14 Current−Voltage Limits and Stability of Ohmic Au Nanocontacts on ZnO Nanowires. The same aged ohmic nanowires were then cycled with increasing voltage sweeps (±1 V to ±10 V) until the current reached several μA and the I−V characteristics became symmetrical and "S-shaped". However, there was no indication of a dominant Schottky barrier at either end-contact of the nanowires in the current−voltage behavior, Figure 2a . Three nanowires (∼55 nm diameter and ∼300−450 nm cantilever length) were driven to failure caused by thermal breakdown 7 near the midpoint of the shaft when the current was ∼10 μA. When Figure 2b ,c are compared, the images show a typical example of an ohmic-type nanowire before and after breakdown. The current density at which the nanowires failed was 2.4 × 10 5 , 3.9 × 10 5 , and 6.1 × 10 5 A cm −2 that was seemingly dependent on the estimated resistivity at +1 V of 5.1, 0.75, and 0.64 Ωcm, respectively.
Failure at the midpoint is consistent with other semiconductor nanowire materials with low-resistance ohmic contacts where the maximum Joule heating effect occurs in the middle of the nanowire span away from the contacts that act as heatsinks. 6, 7, 52, 53 Failure resulted in melting of the nanowire, leaving a ZnO stump with or without a bulblike ZnO end and a spherical Au nanoparticle, as shown by comparing Figure 2b ,c. The remaining Au volume is estimated from geometrical considerations to be less than the original premeasurement volume indicating Au loss during breakdown. For the nanowires that were cycled to a current density (there was no apparent relationship between voltage and breakdown) just below this range (∼1 × 10 5 −4 × 10 5 A cm −2 depending on resistivity) no degradation of the nanowire was observed with transmission SEM. In addition, the I−V characteristics of these nanowires at ±1 V remained the same after the high current density measurements, indicating that no lasting change had occurred to the nanowires.
Current−Voltage Limits and Stability of Schottky Au Nanocontacts on ZnO Nanowires. In a similar fashion to the ohmic nanowires, the Schottky-type freshly grown nanowires were cycled with I−V sweeps in ±0.1 V increments and the I− V data was recorded at each step. The aberration-corrected STEM imaging in the initial state ( Figure 3a) and I−V data of the same Au−nanowire contact is shown in Figure 3 with the nanowire labeled Schottky 1 (∼52 nm diameter). The I−V graphs are divided (Figure 3b,d ) into two distinct transitions in I−V behavior. The initial I−V graph for Schottky 1 (Figure 3b , labeled "I−V Change") shows select data from the first ±1 V measurement up to ±5 V, and for comparison a post ±1 V measurement (red dashes-dots) is shown to highlight the change in the contact properties. It is evident from the data that the nanowire retained the same rectifying quality from ±1 to ±3 V with no change in the I−V characteristics reaching −760 nA reverse-bias current at −3 V that equates to a current density of 6.7 × 10 4 A cm −2 for the 38 nm interface width. The voltage sweeps were incrementally increased and a change in reverse-bias characteristics was observed above ±3 V, as shown by the cyan curve of ±3.5 V (Figure 3b) . The reverse bias current deviates from the original rectifying quality to greater current values as the voltage is increased. With increasing voltage sweeps the reverse bias current deviates further from the original rectifying properties as shown by the curves for ±4 (pink) and ±4.5 V (yellow), Figure 3b . This increase in reversebias current is indicative of quantum-mechanical tunneling current-induced breakdown at the interface and as our previous work has shown tunneling is concentrated at the interface edge. 14, 15 When the voltage sweeps approached 5 V there is a dramatic increase in reverse bias current typical of reverse-bias breakdown of Schottky contacts; however, on closer examination of the ±5 V curve, hysteresis is also evident in reverse-bias indicating some permanent change of the interface has occurred where the current reaches a maximum of −20 μA (this wire shows increased current carrying capability compared to the Ohmic nanowires that is potentially a result of the heating effect occurring at the Au−ZnO interface that is in thermal contact with the measurement probe rather than at the midspan of the nanowires with Ohmic contacts). Hysteresis in I−V characteristics is evidence of the trapping and releasing of charge carriers due to defects and is associated with tunneling through defect states. 54 The permanent change is confirmed by comparing ( Figure 4b ) the ±3 (blue) before and ±1 V (red dashes-dots) curves that show the contact has lost much of its rectifying quality and in reverse-bias the ±1 V I−V behavior now traces that of the ±5 V curve. However, it is notable that there is no change in the forward-bias I−V behavior for any of the I−V sweeps in this initial stage of experiments and the 
Letter nanowire retains the same forward-bias behavior when current transport is dominated by thermionic-emission over the potential barrier spreading the current across the entire interface area, rather than tunneling through the barrier in reverse-bias at the perimeter of the nanowire-nanocontact interface. 37 In this example, a noticeable change in reverse-bias current is observed when the current exceeds −760 nA (±3 V) for this nanowire that has approximately 52 nm diameter on the shaft with a similar Au diameter; however, there is always considerable narrowing at the interface because of the necking 15, 50 creating an interface of 38 nm diameter. 15 Previous finite-element simulations have shown that edge-tunneling is the dominant cause of heating in Au−ZnO nanowire contacts and is localized at the contact edge perimeter and that the smaller the nanocontact interface, in comparison to the nanowire, the greater the heating effect because of the greater concentration of current. 46 Supporting Information Figure  S13b shows that nearly identical behavior is exhibited by another nanowire Schottky 2 (labeled "I−V Change") with a change in reverse-bias rectification occurring above −3 V (−722 nA and interface current density of 6.4 × 10 4 A cm −2 ) and increasing reverse-bias breakdown until hysteresis appears at 4.3 V at a reverse-bias current of −10 μA. The lower observed current when compared to Schottky 1 is due to the smaller diameter of the Schottky 2 nanowire (∼43 nm). However, the lower current that induces hysteresis in the I−V characteristics of Schottky 2 actually occurs at an interfacial current density that is approximately equal to the reverse bias hysteresis-inducing Schottky 1 current density. The initial ±3 V and after ±1 V I−V sweeps for Schottky 2 confirm the permanent change in the rectifying behavior that is shown in Supporting Information Figure S13b for this initial stage of the measurements.
Schottky 1 and Schottky 2 were then measured with further voltage increments until there was an observed change in the forward-bias behavior (labeled "I−V Breakdown" for Schottky 1 in Figure 3c and Schottky 2, Figure S13c The final ac-STEM analysis of both Schottky 1 and Schottky 2 shown in Figure 3d and Supporting Information Figure S13d , respectively, labeled I−V Breakdown, reveal the evidence of atomic Au steps that occur near the edge of the Au−ZnO interface where tunneling current is at a maximum. In contrast to the earlier discussions on Au steps at the interface of twinned Au particles at the ZnO interface, the steps in Schottky 1 and Schottky 2 after breakdown occur at the Au−ZnO edge where no Au twins are present. This suggests the steps are modifications to the interface that have occurred to the Au− ZnO interface as a result of the I−V measurements leading to the observed changes and eventual breakdown in transport properties. Figure 4 shows a MAADF image of a postmeasurement Au step of Schottky 1. Because of the smaller inner collection angle of this detector, strained and defected areas produce brighter contrast in MAADF images, chiefly due to dechanneling of the electrons which are then scattered to intermediate angles. In Figure 4 , additional bright contrast highlights the strain present at the double atomic-layer Au defect step created due to the modification of the Au−ZnO interface. 55 Increased strain and changes in bond formation at a metal−semiconductor interface cause local changes to the potential barrier creating barrier inhomogeneity that occurs in these nanowires at the tunneling channel located at the interface edge for Schottky 1 and Schottky 2 where the majority of the current is concentrated. 47, 56 Introduced impurities, defects, and structural anomalies at or near the interface could potentially change the transport properties from the initial Schottky behavior to the observed transitional Ohmic transport characteristics. Such effects have been covered over many decades by eminent researchers both theoretically and experimentally.
37, 47 However, the Au−nanowire system provides a major advantage in that the interface can be interrogated at the atomic level both structurally and chemically. The doping effect of a single Au atom within the ZnO matrix near to the interface is unknown but would be expected to introduce some effect of barrier inhomogeneity. In the nanowires studied here the predominance of edge tunneling can exclude this influence of an Au atom unless it was located in the ZnO lattice near to the interface edge where the tunneling current is concentrated. For this reason, our previous work studied the Au−ZnO interfaces with aberration-corrected HAADF imaging and through-focal sectioning correlated to multislice simulations to determine the sensitivity of the technique for "Z-contrast" detection of a single Au atom within the ZnO lattice. 50 The analysis and simulations determined that a single Au atom would provide sufficient contrast such that it could be detected with HAADF imaging while even taking into consideration channeling effects and other hindrances to Z-contrast imaging. The multislice simulations showed that for a ZnO slab of thickness 7 nm a Z-contrast increase of 20% could be expected over that of the hoist ZnO lattice while for a thicker slab of 14 nm a contrast increase of 15% would be expected. The simulations considered the ZnO in the [011̅ 0] zone axis orientation. The nanowire labeled Schottky 1 in Figure 4 is orientated on the zone axis [12̅ 10] and thus the flat {011̅ 0} side facets are parallel to the beam. Given this nanowire has an Au− ZnO interface width of ∼38 nm geometrical considerations provide the maximum expected thickness of ZnO at the interface edge will be ∼22 nm. However, substantial interrogation of the Au−ZnO structures always shows considerable necking of the ZnO near the metal interface with the crystallographic facets providing a range of angles with the metal particle interface. The nanowire top facets around the Au contact have been determined on inspection with STEM/ HAADF/TEM imaging and SAED patterns to be the sloping facets in the range between {21̅ 1̅ 4} and {11̅ 01} that extend from the nanowire {011̅ 0} side facets to join the Au contact interface and (0001) nanowire top facet. 15 This crystallographic formation is expected to create substantially thinner facets than the side {011̅ 0} that extend the length of the nanowire shaft. Therefore, within the limits of the techniques and simulations 
Letter available we can state that single Au atoms were not detected in the critical edge region in the ZnO matrix.
The final breakdown change to reverse-rectification indicates increased defect-induced tunneling through the potential barrier which is confirmed by the presence of three step edges present on Schottky 1 ( Figure S14 ). Schottky 2 only shows modification of the interface in one location but with multiple Au lattice planes at the Au−ZnO edge ( Figure S13d) . This difference in Au step formation of Schottky 1 and Schottky 2 is likely to be a contributing factor to the slight variations in I−V behavior before the final breakdown and may indicate the formation of the defects was an ongoing process as the voltage was increased to the ultimate transformation in transport behavior to reverse-rectifying characteristics.
Current−Voltage Limits and Stability of Edge-Modified Au Nanocontacts on ZnO Nanowires. In comparison, to test the electrical limits of edge-modified contacts that had the edgetunneling path removed by H 2 O etching, 14 eSTEM nanowires were measured with voltage sweeps greater than ±2 V and resulted in greater current across the contacts that eventually displayed breakdown characteristics with a large jump in current in reverse bias (see green curve in Figure 5 ). Following breakdown, the contact in Figure 5 had reverted to a highly conductive ohmic contact, exhibiting similar I−V characteristics to the original measurement (pink and blue curves, respectively in Figure 5 ).
In this example, the current increased to −30 μA in magnitude during reverse bias breakdown, equivalent to a current density of ∼1.1 × 10 6 A cm −2 , slightly greater than the current density that led to the chronologically aged ohmic nanowire breakdown in the central portion of the shaft but of similar magnitude to the Schottky nanowires which is again partially due to the initial-state resistivity being considerably lower for this nanowire (0.45 Ωcm compared to 0.64 Ωcm for the previous lowest resistivity ohmic nanowires and this nanowire had a larger 60 nm diameter). However, the etched contact initially began the I−V transformation in forward-bias creating the forward-bias hysteresis shown in the graph (green curve, Figure 5 ) when the current (∼4 μA) was distributed across the interface and transport was dominated by emission over the barrier. Transport across the etched contacts is determined by the nature of the central Au−ZnO interface rather than the edge-tunneling that dominates the ohmic and Schottky contacts. Complete and irreversible breakdown occurred in reverse-bias when the transport was tunneling dominated through the central zone of the contact potential barrier leading to heating and structural breakdown. The permanent change in the contact properties resulted in the current rapidly escalating to −30 μA during the measurement. For the etched nanowires, the central Au−ZnO interface becomes the current-limiter because of the removal of the tunneling channel creating reduced interface conductivity that leads to breakdown at the contact rather than the nanowire shaft. Previous finite-element simulations of nonaged Au nanocontacts to ZnO nanowires have shown that metal nanocontact (24 nm interface diameter) melting occurs at 1064°C on a perfect ZnO nanowire when the current exceeds ∼10 μA, in good agreement with the measurements on all of the etched nanowires measured here and the formation of interfacial defects in the Schottky nanowires. 46 In situ TEM heating experiments ( Figure S15 ) of the Au−ZnO nanowires show that the Au particle remains solid and the ZnO nanowires are stable to temperatures of at least ∼800°C, providing additional evidence that high current densities that may cause heating effects should not adversely affect the overall structure of the materials that is essential for an operational device in extreme environments.
Examining the ac-STEM images in Figure 5 shows that the Au has undergone a distinct change in configuration with respect to the nanowire and appears to have evolved in shape (the HAADF images in Figure 5 appear to show the Au has changed shape with additional faceting but this is not conclusive due to projection effects) due to the very high current experienced during breakdown and the analysis also provides indications that that the ZnO has changed density near the interface. The contact heating changed the etched contact's transport properties to low-resistance and ohmic-like while the annealing effect reverted the resistance of the nanowire to a similar state to the original resistance before etching.
The measurements here have shown that the characteristics of irreversible breakdown of the Au−ZnO nanowires are dictated by the balance of nanowire and contact interface conductivity. Initially, when the Au−nanowire contacts were ohmic and low-resistance, breakdown occurred at the midpoint of the nanowire shaft. Failure at the interface of the Au contacts occurred when the Au−ZnO interface was degraded with "highresistance" or displayed Schottky-type characteristics, creating maximum heating effects at the Schottky contact rather than at the nanowire midpoint creating atomic-scale interfacial defects near to the contact edge where tunneling current, and therefore heating, is concentrated.
Conclusion. We have shown that the electrical transport properties of Au nanocontacts to ZnO nanowires are dominated by the structure of the semiconductor at the contact edge and the structures are stable and robust components for many devices. Aged ohmic Au−ZnO nanowires show typical breakdown at the nanowire midshaft while high resistance etched and pristine Schottky Au−ZnO contacts reveal breakdown occurs at the metal−semiconductor interface. The measurements showed the Schottky nanowires are robust components up to ±3 V and reverse-bias tunneling of ∼−1 μA and can withstand long periods of electrical stress. Fascinatingly, the ac-STEM analysis revealed atomic-scale defects at the interface edge of the Schottky-type nanowires that were a result of the concentration of tunneling current at the contact perimeter. The work confirms Au−ZnO nanocatalyst structures are ideal candidates for a multitude of single-nanowire devices with tailorable properties. The new concepts shown here provide interesting possibilities for bridged nanowire devices such as transient electronics and reactive circuit breakers that respond to changes in electrical signals or environmental factors and provide instantaneous reactions to electrical overload.
Experimental and Methods. Sample Preparation. ZnO nanowires were grown via a high-temperature vapor-phase method that used a thin 5 nm Au layer on the sapphire substrate to initiate growth and provide the one-step electrical nanocontacts on the nanowire tips. Lattice matched sapphire (11̅ 20) was used to grow the nanowires in vertical arrays with single crystal quality. 33 To allow electrical probing of the nanowires and subsequent electron microscopy the nanowires were mechanically transferred to the fingers of standard FIB liftout copper grids (Omniprobe). The application of a standard TEM grid avoided restrictions on tilting degrees of freedom that some in situ TEM-STM modules can present providing the distinct advantage that many nanowires could be aligned to a
Letter crystallographic axis such that the metal−semiconductor junction was parallel to the beam. Fabrication of additional measurement contacts that are required for "on-chip" in situ measurement devices was not necessary ensuring the nanowire surface, nanowire structure, and Au−ZnO interface were not unintentionally modified before measurement. Nanowires in the array configuration and on the grids were screened with a Hitachi S4800 SEM using the secondary electron and backscattered electron detectors. Nanowire grid samples were also screened with a Tecnai TF20 with bright-field imaging. Etching was performed after 2 min O 2 plasma cleaning before dipping the nanowires in deionized water for 5 min that were then immediately vacuum-dried. The extent of the etching was optimized on similar nanowires that were inspected with SEM.
14 Electrical Transport Measurement. The nanowires that were in the eSTEM cantilever configuration on the lift-out grids were loaded in the chamber of an UHV Omicron LT Nanoprobe. The tungsten STM probes that had been thermally annealed 35 were manually lowered to the height of the horizontal nanowires using the focal plane of the in situ SEM. With a small applied bias of 0.2 V, one probe was brought into contact with the Au particle at the tip of the nanowire using real-time current feedback. The sample grid was at the low potential throughout the measurements. Once a signal above the noise was detected the SEM beam was turned off and the bias was incrementally ramped at 10 s intervals to the desired current. The desired current was maintained for up to 15 min and then the voltage was ramped down to 0 V and the probe was carefully removed from the contact position. I−V sweeps of the same nanowires were performed in a similar manner using a Keithley 2636 sourcemeter. I−V sweeps using the two-probe method were performed in a similar fashion that has previously been described. 15, 34, 42 The removal of probe oxides and contamination was confirmed by testing the resistance between the tips of two measurement probes (∼200 Ω) and between the probe and grid (∼300 Ω) which are comparable to the resistance of the measurement system (∼120 Ω).
Aberration-Corrected STEM. High-resolution HAADF, (MAADF, and bright-field imaging was carried out in a Nion UltraSTEM100 STEM operated at 100 keV primary beam energy that was equipped with an UHV Enfina EELS spectrometer. The probe-forming optics, corrected for aberrations up to fifth order, were configured to provide ∼50 pA of beam current with a 31 mrad beam convergence semiangle, for an estimated probe size of 0.8 Å. The inner and outer radii of the HAADF detector were calibrated at 79 and 195 mrad, respectively, and of the MAADF 40 and 86 mrad, respectively (when used simultaneously with the HAADF). Using this technique, nanowires were tilted to an available zone axis of the nanowire or Au particle and the structure was imaged using phase contrast, MAADF, and HAADF imaging. To ensure minimal beam damage of the structures core-loss electron energy loss spectroscopy (EELS) was carried out after the initial imaging and electrical assessment. Compositional EELS mapping was performed using the same beam configuration using 100 keV primary beam energy and an exposure of 0.06 s per pixel. Chemical maps were created by integrating over a suitable energy window the intensity above the relevant EELS edges (Zn−L 2,3 , O−K, C−K, and Au−M 4,5 ) after removal of the decaying background using a power law model. The EELS data was systematically denoised using principal component analysis. Noise-reduction frame averaging and rigid registration 57 was performed using a Digital Micrograph script "Smart-Alignment," by D. R. G. Mitchell, adminnospam@dmscripting.com version: 20150524, v2.0, May 2015, and SmartAlign. 58 In Situ TEM Heating of Nanowires. Heating of the Au− ZnO structures was performed in a Hitachi H-9000 UHV TEM operated at 300 keV. The nanowires were mechanically transferred onto a silicon chip that contained a window composed of 50 nm thick silicon nitride. After loading into the microscope vacuum system, the sample was baked at 100°C in the loadlock then transferred to the microscope polepiece. It was then heated gradually to 800°C in an oxygen pressure of 1 × 10 −6 Torr while recording 30 images per second under bright-field conditions. Resistive heating via direct current was used with the temperature-current relationship measured with an infrared pyrometer after the experiment. We estimate an accuracy of ±20°C in the temperature values quoted.
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